All elementary particles in nature can be classified as fermions with half-integer spin and bosons with integer spin. Within quantum electrodynamics (QED), even though the spin of the Dirac particle is well defined, there exist open questions on the quantized description of spin of the gauge field particle -the photon. Here, we discover the quantum operators for the spin angular momentum (SAM) S M = (1/c) d is the the conjugate canonical momentum of the gauge field A µ . Using relativistic field theory, we show that these physical quantities obey the canonical commutation relations for angular momenta. Importantly, we reveal a fundamental gauge-hiding mechanism that identifies the missing link between the complete photon spin operator and helicity, an experimental observable. Our work resolves the long-standing issues on the decomposition of orbital and spin angular momentum of the photon with applications in quantum optics, topological photonics as well as nanophotonics and also has important ramifications for the spin structure of nucleons.
Spin is the fundamental property to distinguish the two types of elementary particles: fermions with half-integer spins and bosons with integer spins. Beth's seminal experiment has shown that each circularly polarized photon carries angular momentum of [1] and an earlier experiment work implemented by Raman and Bhagavantam even pointed that this angular momentum belongs to the photon spin [2] . The polarization of the electromagnetic (EM) field is commonly accepted as the "intrinsic" degree of the freedom of the photon. However, apart from these well established global properties of polarization, more recently, the photon spin density, a local quantity which is a function of space and time has emerged to the forefront of multiple fields [3] [4] [5] . It should be noted that, almost 100 years have passed, yet a complete quantum treatment of the photon spin which connects space-time dependent fields and the global observables has never been achieved.
This problem is of significant interest in quantum optics, nanophotonics and topological photonics. A substantial body of work based on the free-space Maxwell equations has been devoted to finding the measurable photon spin angular momentum (SAM) and orbital angular momentum (OAM) in the quantum optics community [6] [7] [8] [9] [10] [11] [12] [13] . Quantization of photon spin is also the hallmark of topological electromagnetic phases of matter and skyrmion texture in optical scattering experiments. In the near-field of nanophotonic structures, evanescent waves exhibit universal spin-momentum locking widely studied in 2D materials, photonic crystal waveguides, optical fibers and metamaterials [14] [15] [16] [17] [18] [19] . Here, we make a significant advancement for these fields by using a QED lagrangian to quantize the spin of the light field.
Even in the context of high-energy physics, there is an ongoing debate on the decomposition of the angular momentum of the photon or gluon into SAM and OAM parts [20] [21] [22] [23] [24] [25] . Leader and Lorcé have written a pedagogical review to explain these important open challenges for the field [26] . The fundamental difficulty stems from the puzzling fact that the genuine gauge-invariant photon spin operator does not exist.
Our work utilizes relativistic field theory to pave the way and resolve these long-standing questions in photon spin with future implications for the spin structure of the nucleon [27] .
The gravity of the problem becomes clear on comparing to the routinely used Dirac spin operator S D = ( /2) d 3 xψ †Σ ψ. These obey the canonical commutation relationships for angular momenta. However, a genuine quantum operator for the photon spin S M , which satisfy the standard equal-time commutation relations [S M,i , S M, j ] = i i jk S M,k , has never been addressed. We now show how to solve this open problem within the canonical quantization framework. We explicitly give the quantum operators for the spin S M and OAM L M of the photon by quantizing the electromagnetic (EM) field covariantly in the Lorenz gauge.
Our defined operators S M and L M take into account the subtle role of longitudinal and scalar photons and therefore are not gauge invariant. To incorporate gauge invariance into the theoretical framework, we put forth a fundamental redecomposition of the total angular momentum of the combined Dirac-Maxwell fields (see Fig. 1 ). We reveal a fundamental mechanism that has been surprisingly overlooked till date: the transverse photon spin is hidden by the requirement of gauge invariance. The only experimentally measurable part of the photon spin is the photon helicity, even when interacting with Dirac particles. Without loss of generality, we only focus on the spin of the photon. However, we believe our results can be generalized in the future to the other massless gauge boson-the gluon [26, 28] . The total QED angular momentum obtained from [35] . The SAM and OAM of the photon have been given in the previous section. The SAM and OAM of the Dirac field are given by
x ⇥ r , respectively. Except the Dirac spin, all the other three parts in J are not gauge invariant. To obtain the gauge invariant observables, we extract the parts in S M and L M containing scalar and longitudinal photons and merge them into L D :
The gauge invariant part of our photon SAM and OAM operators recovers the angular momentum of the classcical light [30] 
and and enforcement of the Lorenz gauge condition are needed to remove the gauge dependence. We also show that the gauge issue can be solved equivalently by quantizing the standard gauge-invariant Lagrangian density L QED,ST in the Coulomb gauge. The total QED angular momentum obtained from L QED contains four parts [35] . The SAM and OAM of the photon have been given in the previous section. The SAM and OAM of the Dirac field are given by
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all the four parts are gauge invariant and they also commute with each other. Thus, they can be measured independently in experiment. The term L pure denotes the pure gauge contribution of the light to the Dirac orbital angular momentum (OAM), which will disappear in the Coulomb gauge. In the Lorenz gauge, its mean value on any physical state |Φ is given by
photon. The subtle detail, overlooked previously, becomes self-evident in our starting Lagrangian that incorporates both the longitudinal part of the vector potential A and the scalar potential A 0 . These quantities can not be quantized with the standard Maxwell Lagrangian density L M,ST = −F µν F µν /4µ 0 (F µν = ∂ µ A ν − ∂ ν A µ is the EM field tensor) because there is no canonical conjugate momentum corresponding to the scalar field A 0 and the longitudinal potential A with zero curl (∇ × A = 0) has also shown to be a redundant dynamical variable (see Chap. II in Ref. [29] ).
To obtain complete knowledge of the polarization degrees of freedom, we start from the gauge-fixed Maxwell Lagrangian density [29, 30] 
The covariant quantization of the photon in the Lorenz gauge can be realized by defining the canonically conjugate momentum [29, 30] 
and postulating the fundamental equal-time commutation relations (ETCRs),
with the metric tensor g λλ = diag{1, −1, −1, −1} of the Minkovski space. The corresponding Hamiltonian of the photon is given by
We note that π µ and A µ are now quantum operators. But, to highlight the spin degrees, we only add theˆsymbol on the spin matrices throughout this paper. The fundamental connection between a continuous symmetry and and the corresponding conservation law was given by Noether. Applying the Noether's theorem on the Lorentz rotation symmetry [30] , we obtain the angular momentum tensor from Maxwell Lagrangian density L M ,
where Θ µλ M is the energy-momentum tensor (see detail in supplementary material [31] ) and the infinitesimal Lorentz transformation generator for the vector field is given by
which is a an anti-symmetric matrix (I
. Focusing on the three-dimensional rotation symmetry [31] , we, arrive at the central result of our paper-the striking quantum operators of the spin and OAM of the photon, † −k,λ ) from the first and second parts in Eq. (5) cancel out with each other. We also note that the Gupta-Bleuler constraint [32, 33] and Dirac's indefinite metric in space of quantum states [34] need to be exploited to solve the negative frequency and negative state norm problems (see Chap. V in [29] ). The Gupta-Bleuler constraint, which is the quantum version of the Lorenz gauge condition, is essential to remove the gauge dependence in the Lorenz-gauge quantization framework as shown in the following.
We now re-express the photon spin in a simple and intuitive form in the wave-vector space
where the column-vector
T is the field operator of the photon in wave-vector space and the 3 × 3 matrixŝ = 3 λ=1ŝ λ (k, λ) is the spin-1 operator of the photon with the SO(3) rotation generatorŝ
In the derivation above, we have neglected the counterrotating wave term in the spin operator (19) . Usually, those term were dropped based on a physical argument that they oscillate at the frequency 2ω k . Thus, their time average values are zero. However, we show that a more fundamental reason is that those terms do not commute with the Hamiltonian,
To guarantee the conserved total angular momentum
, those counter-rotating wave terms must be discarded. The direction of our defined photon spin is completely determined by the polarization [i.e., the unit vector (k, λ)] of the photon. Thus, the spin operator indeed describes the "intrinsic" degrees of freedom of the photon. This is significantly different from the OAM of the photon
whose direction is fully determined by the orbital motion. Similar to the photon spin, the counter-rotating wave terms in L M have been neglected. The rotating-wave approximation in the EM field angular momentum also plays a key role in the gauge-invariant decomposition of the QED angular momentum [31] .
There is a fundamental requirement that a measurable quantity can not change under a gauge transformation. However, both S M and L M defined above for the free-space photon are not gauge invariant. Thus, they are not real physical observables. This has been anticipated. Because only the two transverse polarizations are allowed for the photon in free space. Thus, there should not be enough degrees to construct the gauge-invariant quantum spin-1 operator for the free-space photon. In the presence of charges, longitudinal electric field exists. One question arises whether can we construct a gaugeinvariant photon operator in this case? Next, we will answer this question and show how to incorporate the gauge invariance into the photon angular momenta.
GAUGE INVARIANT OBSERVABLES
To put forth a gauge invariant theoretical framework we note that photons are massless gauge bosons under the local U(1)-gauge symmetry of the standard QED Lagrangian density L QED,ST = i cψγ µ ∂ µ ψ−mc 2ψ ψ−qcψγ µ A µ ψ+L M,ST . Thus, the gauge-dependence problem can only be fully solved by a theoretical framework that combines Dirac-Maxwell fields. Fundamentally, the measurement process of photon's SAM and OAM requires interaction with matter i.e. Dirac-Maxwell fields as opposed to Maxwell fields alone. Thus, conservation laws which emerge from the combined Dirac-Maxwell-field angular momenta provides the path towards analyzing experimental observables. Schematically, this is depicted in Figure 1 which deals with a relativistic quantum scattering experiment of a photon with a Dirac particle. We put forth the OAM and SAM conservation laws in this scenario to develop a canonical framework for gauge invariant SAM and OAM observables.
We first start from a gauge non-invariant Lagrangian density
due to the gauge non-invariant Lagrangian density L M . We show that a re-decomposition of the total angular momentum and enforcement of the Lorenz gauge condition are needed to remove the gauge dependence. We also show that the gauge issue can be solved equivalently by quantizing the standard gauge-invariant Lagrangian density L QED,ST in the Coulomb gauge.
Canonical decomposition: According to Noether's theorem, the total QED angular momentum obtained from L QED contains four parts
The SAM and OAM of the photon have been given in the previous part of the work. The SAM and OAM of the Dirac field are given by
x × ∇ψ, respectively. All four parts in the canonical decomposition satisfy the angular momentum commutation relations and they commute with each other. However, except for the Dirac spin, all the other three parts in J are not gauge invariant. In Figure. 1 , we contrast the canonical decomposition of the total QED angular momentum with the following gauge invariant decomposition.
Gauge-invariant decomposition: To obtain the gaugeinvariant observables, we extract the parts in S M and L M containing scalar and longitudinal photons and merge them into the OAM of the Dirac field L D . Then, we obtain the gaugeinvariant decomposition of the total angular momentum:
The gauge invariant part of our defined photon SAM and OAM operators recovers the angular momentum of the classcical light [29] 
where we have used the relation between π and the electric
. This shows that the gauge-invariant part h M of the photon spin is its projection only in the propagating direction, which is the well-known photon helicity. We note that the photon helicity has been improperly regarded as the photon spin previously. Here, we clearly show that it is only the longitudinal part of the photon spin, i.e., h M = S M, .
The gauge-invariant OAM of the Dirac field now reads
where the pure gauge contribution L pure from the EM field is given by
By enforcing the Gupta-Bleuer gauge constraint for the coupled fields a k, 
Here, we have used the the coupling of the scalar field to the Dirac field
and the definition of the charge density ρ e (x) = qψ † (x)ψ(x). The equivalent operator [on the right-hand side of (27) ] of the OAM of the Dirac field is obviously gauge invariant.
To settle all doubt about our results, we now show how to obtain the gauge-invariant angular momenta starting from the standard QED Lagrangian density L QED,ST . To canonically quantize the fields, we need to eliminate the redundant gaugedependent variables A 0 and A [29] to obtain the reduced Lagrangian density,
], (29) in which the coupling between the scalar field A 0 and the Dirac field finally gives the Coulomb interaction. Then, the obtained gauge-invariant quantum angular momentum (see supplementary material [31] )
automatically recovers the results from the Lorenz gauge quantization framework. We note that the pure gauge contribution to the OAM of the Dirac field disappears in the Coulomb gauge. In stead of the full photon spin operator S M , only the photon helicity h M can be obtained. We also note that the longitudinal electric field, which fully comes from the excitations in the scalar field by the Dirac particle [29, 32, 33] , does not contribute to the observable photon spin both in the Lorenz and Coulomb gauges.
GAUGE-HIDING MECHANISM
We now show that the transverse spin of the photon is hidden even in the presence of a Dirac particle. Our result is intriguing since the longitudinal electric field always exists in the presence of sources i.e. charged particles. From equation (19) , we see that the gauge-dependent longitudinal photons are essential to construct the full quantum operator of the photon spin S M , in particular its transverse parts. However, these photons only exists in virtual processes and can not be measured in experiment. As shown in equation (23), after removing the gauge non-invariant parts, only the longitudinal photon spin (i.e., the photon helicity) is left. This hidden degree of freedom arises from the gauge invariance requirement. We term this as the gauge-hiding mechanism of transverse photon spin.
This mechanism is significantly different from the wellknown fact that the gauge field must be massless to guarantee the local gauge invariance of the Lagrangian density in the gauge-field theory. To explain the massive W and Z gauge bosons, the Anderson-Higgs mechanism was proposed to give mass to the gauge field [35] . Here, we show that the Anderson-Higgs mechanism will also unveil the hidden spin of the gauge field. Due to the emergent gauge symmetry breaking in the ground state, the corresponding Goldstone mode can be absorbed by the gauge field to create longitudinally polarized gauge bosons. As shown in Eq. (19) , these emergent longitudinally polarized gauge bosons can generate observable transverse spin of the gauge field, which could be measured in a superconductor [36] .
We argue that our decomposition of the total QED angu- 
As shown by van Enk and Nienhuis [7, 8] , the components of the photon helicity commute with each other
Compared with the full photon spin operator S M , h M does not contain the transverse parts. After being projected to a local coordinate frame, all the three components of h M only contain the longitudinal photon spin, which definitely commutes with itself. We also emphasize that the four parts in our decomposition of J commute with each other. Thus, they can be measured independently in experiment. This marks a significant departure from previous decompositions [21, 23, 24] .
CONCLUSION
We give the quantum operator of the full photon spin, satisfying the angular momentum commutation relations. However, its transverse part has been hidden by the gauge invariance requirement. Our revealed gauge-hiding mechanism successfully explains why only the longitudinal photon spin-the helicity-can be measured in experiment. The behavior of the spin in a two-dimensional system is essential to understand the quantum spin Hall effect and topological state of the electron. Thus, our defined quantum spin of the photon can pave a way to explore and study new topological phase of light, as well as other spin-related effects. * lipingyang87@gmail.com † 7 Supplemental Materials: Quantum spin operator of the photon
ANGULAR MOMENTUM OF LIGHT
To covariantly quantize the electromagnetic (EM) field in the Lorenz gauge, we use the following Maxwell Lagrangian density [29, 30] ,
We note that, different from the standard one L M,ST = −(1/4µ 0 )F µν F µν , the Lagrangian density L M itself is not gauge invariant. Because photons are spin-1 particles, the longitudinal vector potential has to be quantized to provide enough polarization degrees of freedom for the construction of the full photon spin operator. Thus, we start from the gauge-dependent Lagrangian density L M instead of the standard one L MST . We will also show how to eliminate the gauge-dependence in the physical quantities via the gauge condition in the following.
It is well-known in classical gauge field theory, that the Lagrangian density giving the same Maxwell-Lorentz equations is not unique. We can always add to the Lagrangian density the time derivative of a function and the divergence of an arbitrary vector, which tends to 0 sufficiently fast at infinity. These two Lagrangian density L M and L M,ST can be connected via [29, 30] 
The last four divergence term can be dropped. To guarantee that L M can give the correct Maxwell-Lorentz equations, more importantly to guarantee the gauge-invariance of physical observables, the Lorenz gauge condition ∂ µ A µ = 0 must be enforced. Noether's theorem tells us that if the action W = d 4 xL keeps invariant under a continuous symmetry transformation, a conserved quantity can be obtained (see Chap.2 in Ref. [30] ). Applying the Noether's theorem to the translation symmetry, we can the canonical energy-momentum tensor
This leads to the conserved four-momentum vector
The time compoent of P ν M gives the Hamiltonian (energy) of the system
with Hamiltonian density
The spatial of P ν M gives the momentum of the EM field
where we have divided an extra constant c to get the correct momentum unit. Applying the Noether's theorem to the three-dimensional rotation symmetry [30] , we obtain the angular momentum tensor density
where infinitesimal generator for the vector field is given by
This generator is a an antisymmetric matrix 
the orbital angular momentum reads
and spin angular momentum reads
QUANTUM COMMUTATION RELATIONS FOR ANGULAR MOMENTA
We now show how to obtain the standard quantum commutation relations for the angular momentum of light within the canonical quantization framework. We first define the canonical conjugate momentum
The EM field is quantized by postulating the equal-time commutation relations,
where g λλ = diag{1, −1, −1, −1} is the metric tensor of the Minkovski space. Then, we can re-write the Hamiltonian density of the photon as
The SAM and OAM of the photon are re-expressed as,
respectively. We now verify the following commutation relations
9 where i jk is the three-dimensional Levi-Civita tensor and i, j = 1, 2, 3.
where we have used the similar partial integral techniques in previous subsection and the identities
INTRINSIC DEGREES OF FREEDOM OF THE PHOTON
To clearly show the "intrinsic" degrees of the Dirac-Maxwell fields, we perform the plane-wave expansions to the field operators. The plane-wave expansion of the Dirac field has been well studied. Here, we mainly focus on the expansion of the SAM and OAM of the photon. The plane-wave expansion of the Maxwell field operator is given by (see Chap. 7 in Ref. [30] )
where ω k = c|k| is the frequency of the kth mode and the unit vectors (k, λ) characterize the four possible polarizations of the photon. For λ = 1, 2, we let
where the spacial part (k, λ) (λ = 1, 2) of the polarization four-vector (k, 
respectively. It can be easily check that the polarization vectors satisfy the four-dimensional orthonormal conditions
These four polarization vectors also satisfy the covariant completeness relation [30] 
where g λλ at the left hand side denotes the sign ±1 instead of the metric tensor. Here, we emphasize that the plane-wave expansion of π µ is not obtained via the relation in Eq. (48). Equations (68) and (69) function more like the definition of the ladder operators.
We can re-express the ladder operators a k,λ and a † k,λ with canonical field variables A µ and π µ via the inverse transformation
Utilizing the quantization ansatz (49) and (50) for the photon, we can verify that the ladder operators satisfy the bosonic commutations
The plane-wave expansion of the Hamiltonian H M and the momentum P M of the photon have been given in the textbook [30] . Here, we present some detail to show that no rotating-wave approximation has been taken in the Hamiltonian
where the normal-ordering has been taken in the last step. We note that the counter-rotating wave terms (i.e., a k,λ a k ,λ and
) cancel out with each other due to the factor (
No rotating wave approximation has been taken here. We also note that there are two main problems in the covariant quantization in the Lorenz gauge: (1) the frequency of the scalar photon is negative; (2) the norm of the scalar-photon state can be negative, i.e., 0|a k,0 a † k,0 |0 = −1. The first problem can be solved by enforcing the Gupta-Bleuler constraint [32, 33] , which is the quantum version of the Lorenz gauge condition. This gauge condition is essential to obtain the quantum Maxwell equation and to remove the gauge dependence in the Lorenzgauge quantization framework. The second problem can be solved by exploiting Dirac's indefinite metric in space of quantum states [32] [33] [34] (also see Chap. V in [29] ).
Similarly, the momentum of the EM field is expanded as
Here, g λλ is the element of the metric tensor instead of the whole tensor. Utilizing the generators of the SO(3) rotation group, we can re-express the photon spin in the same form of the Dirac spin
where the column vector
T is the field operator of the Maxwell field in wave-vector space and the 3 × 3 matrixŝ = 3 λ=1ŝ λ (k, λ) is the spin operator of the Maxwell field witĥ
satisfying the commutation relation [ŝ i ,ŝ j ] = iε i jkŝk .
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In the following, we will use the expansion of the electric field E = −c ∂ 0
GAUGE-INVARIANT OBSERVABLES
In this section, we show how to remove the solve the gauge non-invariance in the spin and OAM of the EM field. To fully solve this problem, we start from the Lagrangian density of the combined Dirac-Maxwell fields,
where ψ is the Dirac field operator,ψ = ψ † γ 0 , and
with
the 2 × 2 identity matrix I, and the Pauli matrices σ i . From the Noether's theorem, we obtain the total angular momentum of the system
The SAM and OAM of the Dirac field have been well studied and understood
is the Dirac spin operator. Utilizing the anti-commutation rules of the Dirac field,
we can verify that
We can easily check that the angular momentum of the Dirac and Maxwell fields commute with each other.
To obtain the gauge-invariant parts of the SAM and OAM of the photon, we split both the vector potential A = A ⊥ + A and the canonical momentum operator π = π ⊥ + π into transverse and longitudinal parts, where
can not be generalized as an operator identity directly. We can easily verify that
Thus, ∂ µ A µ can not be a zero operator. This problem has been solved by Gupta and Bleuler independently [32, 33] , by enforcing the following constraint for all physical state |Φ
where
µ are the positive and negative frequency parts of A µ , respectively. The summation of the positive and negative frequency parts gives
Thus, the Gupta-Bleuler condition is the quantum version of the Lorenz gauge condition. By adding a charge term, Bleuler generalized the upper constraint to the case when the EM field is coupled to a charge. However, as shown in the Chap. V of [29] , a more straightforward way is to calculate the Heisenberg equation for A (+) 0 after performing the plane-wave expansion of A µ . The full Hamiltonian describing the interaction of Dirac-Maxwell fields in the Lorenz gauge is given by [29] 
with the Dirac Hamiltonian
Since L D does not contain transverse Maxwell modes, then we can easily obtain
From Eqs.(113) and (176), we can verify that
Angular momentum operators from the standard QED Lagrangian
The modern gauge field theory for QED is based on the gauge invariance of the standard Lagrangian density [35, 38, 39 ]
In this subsection, we show how to obtain the gauge-invariant decomposition of the angular momentum from the standard QED Lagrangian. Following the Neother's theorem, Jaffe and Manohar gave the canoical decomposition of the angular momentum J = S D + L D + S M,JM + L M,JM [21, 26] . The canonical SAM and OAM of the Dirac field are given in Eqs. (107) and (108), respectively. The SAM and OAM of the Maxwell field are given by
Similar to the canonical decomposition obtained from the Lorenz gauge, L D , S M,JM , and L M,JM are not gauge invariant. There is another problem that the longitudinal part of the electric field can not be quantized. As explain in Chap. II of the text book [29] , both the scalar potential A 0 and the longitudinal vector potential A are redundant dynamical variables, which can be eliminated via the Euler-Lagrange equation for A 0 and the Coulomb gauge condition ∇ · A = 0 (i.e., A = 0). The reduced QED Lagrangian in the Coulomb gauge is given by
The quantization of the Dirac-Maxwell fields is actually based on this reduced Lagrangian density. The quantization procedure of the Dirac field does not change. The canonical momentum of the EM field is given by [29, 30] π ⊥ = 1
The quantization of the EM field in the Coulomb gauge can be achieved by postulating the following commutation relation,
is the transverse delta function.
In the Coulomb gauge, the longitudinal part of the quantum field operator A vanishes, i.e., A = 0. The OAM angular momentum automatically reduces to our defined gauge-invariant OAM of the photon,
By splitting both the electric field E and the vector potential A into transverse and longitudinal parts, we have
where the second term vanishes in the Coulomb gauge. Using the relations
and integral by parts, we have
where we have neglected a boundary term during the partial integral. Using the plane-wave expansion [replacing the ladder operators in Eq. (218) with classical coefficients], we can verified that the two terms in (191) actually cancel out with each other except the anti-rotating wave terms. Finally, we obtain the gauge-invariant decomposition of the QED angular momentum J = L + S D + L M + h M , which recovers the results obtained in the Lorenz quantization frame-work. We note that in the Coulomb gauge, the pure gauge contribution to the OAM of the Dirac field disappears.
CONTRAST WITH PREVIOUS DECOMPOSITION
In the review article [26] , the authors have listed another five decompositions of the QED angular momentum [20] [21] [22] [23] [24] , which are equivalent to each other except a surface term. Some of the decompositions did not separate the SAM and OAM of the photon [20, 22] . The rest decompositions have applied the the classical Gauss law ∇ · E(x) = ρ e (x)/ε 0 to a term ε 0 (∇ · E )x × A [21, 23, 24] . However, the Gauss law is not an operator identity in the Lorenz-gauge quantization framework, which can only be recovered on the mean-value sense by enforcing the Gupta-Bleuler condition, i.e., Φ|[∇ · E(x)]|Φ = q Φ|ψ † ψ|Φ /ε 0 . After
